It is under a complex control by substrates such as hormones, nutrients, and neuronal impulses. Insulin promotes glycogen synthesis, lipogenesis, and lipoprotein synthesis and inhibits gluconeogenesis, glycogenolysis, and VLDL secretion by modifying the expression and enzymatic activity of specific molecules. To understand the pathophysiological mechanisms leading to metabolic liver disease, we analyzed liver protein patterns expressed in a mouse model of diabetes by proteomic approaches. We used insulin receptor-knockout (IR Ϫ/Ϫ ) and heterozygous (IR ϩ/Ϫ ) mice as a murine model of liver metabolic dysfunction associated with diabetic ketoacidosis and insulin resistance. We evaluated liver fatty acid levels by microscopic examination and protein expression profiles by orthogonal experimental strategies using protein 2-DE MALDI-TOF/TOF and peptic nLC-MS/MS shotgun profiling. Identified proteins were then loaded into Ingenuity Pathways Analysis to find possible molecular networks. Twenty-eight proteins identified by 2-DE analysis and 24 identified by nLC-MS/MS shotgun were differentially expressed among the three genotypes. Bioinformatic analysis revealed a central role of high-mobility group box 1/2 and huntigtin never reported before in association with metabolic and related liver disease. A different modulation of these proteins in both blood and hepatic tissue further suggests their role in these processes. These results provide new insight into pathophysiology of insulin resistance and hepatic steatosis and could be useful in identifying novel biomarkers to predict risk for diabetes and its complications. insulin resistance; huntigtin; high-mobility group-B1; proteomics TYPE 2 DIABETES (T2D) is a complex metabolic disorder characterized by increased levels of insulin resistance and impaired ␤-cell function with reduced insulin secretion (35). In T2D, modification of hepatic metabolism is associated with glucose and lipid overproduction, leading to overt hyperglycemia and diabetic dyslipidemia. Glucose overproduction is a physiological response in T2D, whereas the overproduction of lipids linked with insulin resistance remains a phenomenon to clarify since insulin increases abundance of lipogenic enzymes and insulin resistance diminishes lipogenesis (31, 41). Furthermore, insulin resistance and T2D are linked with hepatic steatosis, which is an exacerbation of liver dysfunction generated by accumulation of lipids, mainly triglycerides (23).
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Several etiological mechanisms have been proposed to explain the pathological link between insulin resistance, T2D, and liver disease, including inflammation and oxidative stress (36) . Recently, novel anti-inflammatory proteins called chaperones and Toll-like receptors (TLRs) have been suggested to play a significant role in this pathological process (27) . However, to date, the molecular mechanisms linking the impairment in glucose homeostasis with liver disease are not fully understood.
Therefore, elucidation of molecular alterations, which regulate metabolic liver dysfunction in insulin resistance conditions, is essential to increase our knowledge in the field and to develop new therapeutic approaches for T2D. With this final objective, among the different experimental approaches, proteomic technique, for its specific characteristics, may be helpful in identifying new liver tissue peptides and proteins involved in this pathological loop (43) . In the present study, by using two different orthogonal proteomic approaches and protein ontology pathway analysis, we aimed to further understand molecular feature mechanisms underlying the pathophysiology of liver disease triggered by high levels of insulin resistance [insulin receptor heterozygous (IR ϩ/Ϫ ) mice] and diabetic ketoacidosis conditions [insulin receptor knockout (IR Ϫ/Ϫ ) mice]. We also aimed to investigate lipid and inflammatory patterns linked with insulin resistance to further understand the processes underlaying liver degeneration in diabetic patients.
MATERIALS AND METHODS
Animals. Mutant mice bred on C57BL/6J used for this study were kindly donated by Prof. D. Accili, Columbia University College of Physicians and Surgeons, New York, NY. All experimental procedures were approved by the European animal welfare authorities and performed in accordance with institutional animal care guidelines at the Service Center for Inter-Station Animal Technology at University of Rome Tor Vergata (Italy).
Mouse generation and genotyping have been described clearly in a previous publication (22) . Mice employed for experiments were knockout (IR Ϫ/Ϫ ), heterozygous (IR ϩ/Ϫ ), and wild-type (WT; IR ϩ/ϩ ) for the IR gene. A sample of n ϭ 5 of animals/group was used in each experiment.
Ultrastructural histological study. Liver tissue was extracted and placed in 10% buffered formalin, dehydrated, and embedded in paraffin sections or frozen and embedded in optimal cutting temperature compound cryostatic sections. The percentage of steatotic cells and fatty liver area was determined by hematoxylin and eosin-stained, blue-toluidin semithin and in Oil Red O solution-stained sections. High-mobility group-B1 (HMGB1), CD3, CD19, and F4/80 protein expression was performed by immunohistochemistry (32) on 4-mthick paraffin sections using antibodies from Abcam. The positive immunostaining was assessed using a semiquantitative scale modified as follows: 3, strong; 2, moderate; 1, weak; 0, absent (30) . Measurements were performed by two different investigators in at least 10 fields at ϫ200 magnification for each case, with an inter observer variability of Ͻ5%.
Liver sample preparation. Proteins were extracted from a pool of five different livers having the same genotype by Griding Kit (GE Healthcare) in lysis buffer containing 8 M urea, 2% CHAPS, 10 mM NaF, 0.5 mM DTT, 1 mM Na 3VO4, 0.5 mM PMSF, 2 g/l leupeptin, 2 g/l aprotinin, and 2 g/l pepstatin. Protein concentration was determined by thricloraoacetic acid method.
ELISA. Blood samples withdrawn by tail vein from five to eight mice for each genotype analysis were tested to determine circulating HMGB1 (Shino-Test), insulin (Mercodia), and C-peptide (Mercodia) by ELISA kits, which were used according to the manufacturer's instructions (42) .
Quantitative RT PCR. Total RNA was extracted from liver tissue by Trizol (Life Technologies). cDNA was synthetized with a highcapacity cDNA archive kit according to the manufacturer's instructions. Fifty nanograms of cDNA was amplified by real-time polymerase chain reaction; cDNA expression was analyzed by the relative 2 Ϫ⌬⌬CT method, using as endogen control ribosomal 18S. The primers used were Cd3d Mm00442746_m1;Emr1 Mm00802529_m1;Cd19 Mm 00515420_m1.
Western blotting analysis and two-dimensional gel electrophoresis. Hepatic lysates (100 g/sample) were mixed with Laemmli buffer 5ϫ, run on 10% SDS-PAGE bis-tris polyacrylamide gels, and transferred to nitrocellulose membranes (Protoran; Schleicher & Schuell). Blots were probed with the following polyclonal antisera: HMGB1, HMGB2, Sin 3A, HTT, PSMA5, PDIA3, and NF-B (from Abcam). One hundred micrograms of liver protein lysates was separated in the first dimension on IPG gels (pH 3-10, nonlinear; GE Healthcare) (8) . The two-dimensional separation was performed on 4 -20% SDS polyacrylamide gels. Next, gels were stained with silver using a protocol compatible with mass spectrometry analysis and scanned to analyze through Image Master Platinum 5.0 software (GE Healthcare). Spot detection and normalization were performed by the automated tools of the software. To reduce the number of possible "false positives," protein relative profile was set to 500 ppm. We considered only the spots with a P value of Ͻ0.05 according to the Student's t-test and with relative SD of Ͻ30%. The resulting list of modulated spots (28 spots) was screened, considering only spots with a ratio Ͼ1.3 between two conditions.
Mass spectrometry (MS) analysis (MALDI TOF/TOF).
Protein spots were excised from gels and digested with trypsin to obtain peptides that were separated in a MALDI TOF/TOF. Mass spectra were acquired with an Ultraflex III MALDI TOF/TOF spectrometer (Bruker Daltonics). After contaminant ions were removed from the peak list, a database search was conducted by MASCOT 2.2.06 algorithm (www.matrixscience.com) interrogating the NCBInr_20100116 database restricted to the Mus musculus taxonomy (144908sequences). MALDI-TOF MS/MS analysis was performed in LIFT mode; chosen ions were selected manually and analyzed by Flex Analysis 3.0 software (11) .
Quantitative proteomics by nLC-MS/MS. One-hundred nanograms of proteins from each sample was combined to create three different pools that were representative of the three distinct murine genotypes. Reduction and alkylation of proteins were obtained by adding 100 mM DTT (1 h at 37°C) and 200 mM iodoacetamide (1 h at room temperature). Protein samples, at final concentration of 2 g/l, were digested with 1:20 (wt/wt) sequence grade porcine trypsin (Promega) at 37°C overnight and loaded onto a Proxeon Easy-nLC II (Thermo Scientific) chromatographic system coupled to a Q-TOF mass spectrometer (micrOTOF-Q II; Bruker Daltonics) for protein identification and quantification (10) .
Functional annotation and pathway analysis. Expressed proteins identified by the two different proteomic approaches were characterized in more detail by using various bioinformatics tools, including the "Panther Classification System" (www.pantherdb.org) for func- . mRNA and liver tissues were extracted from 5 mice, and bar graphs were used to represent the relative expression normalized with 18S RNA as endogenous control. Statistical analysis was reported as means Ϯ SE by 1-way ANOVA, *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.005. Fig. 3 . Serum levels of insulin and C peptide. A and B: serum quantification of insulin and C-peptide among the 3 different genotypes performed by ELISA kits. C: insulin clearance calculated by ratio between serum insulin and C-peptide. Data are expressed as means Ϯ SE. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. tional annotation of biological process and the "Ingenuity Pathway Analysis" (IPA) (www.ingenuity.com) for network analysis (9) .
Data and statistical analysis. Two-dimensional gel electrophoresis analysis was performed by Image Master Platinum software (GE Healthcare) version 5.0. Statistical analysis was performed by GraphPad Prism 5 (La Jolla, CA). Statistical evaluation of the data was performed using ANOVA test followed by Bonferroni's post hoc test. Differences were considered statistically significant at P Ͻ 0.05. All data are expressed as means Ϯ SE.
RESULTS

IR
Ϫ/Ϫ mice present different metabolic and inflammatory patterns. Hepatic insulin resistance is associated with nonalcoholic fatty liver disease (NAFLD) and is among the major factors in the pathogenesis of T2D. Hepatic insulin resistance is caused by defects in intracellular insulin signaling and inflammation, activation of the endoplasmic reticulum (ER) stress pathways, and accumulation of hepatocellular lipids that can decrease hepatic insulin sensitivity. To evaluate fatty acid levels in the liver, we performed intracellular staining using Oil Red dye in each different group of mice (data not shown). Since IR Ϫ/Ϫ mice died in Ͻ1 wk (mean ϭ 3 Ϯ 1 days) (1), we carried out these sets of experiments in newborn animals livers. Microscopic examination revealed in all livers the presence of abundant hematopoietic and progenitor cells, according to results reported in a previous study (18) . Differences in microscopic appearance of hepatic tissue between genotypic distinct mice are reported in Fig. 1A . We observed a 50-fold increase of liver fatty area in IR Ϫ/Ϫ mice compared with IR ϩ/ϩ mice (P Ͻ 0.00001; Fig. 1B ). Liver steatosis was also 10-fold higher in the heterozygous genotype (P Ͻ 0.005) than in the IR ϩ/ϩ group, suggesting a pivotal role of IR in liver disease associated with the glucose homeostasis alteration.
We also detected an increase in the percentage of hepatocytes with microvescicular and macrovescicular steatosis in the heterozygous genotype compared with IR ϩ/ϩ hepatocytes (P Ͻ 0.005) and more markedly in IR Ϫ/Ϫ genotype compared with IR ϩ/Ϫ and IR ϩ/ϩ mice (P Ͻ 0.00001 and P Ͻ 0.005, respectively). Differences in liver steatosis area between the Table 1. three groups were also confirmed by means of Oil Red O staining of cryostatic sections (data not shown).
Moreover, since Hribal et al. (20) showed a negative correlation between IGF-I serum levels and steatosis grade in humans, we analyzed whether there was a correlation between IGF-I mRNA expression and steatosis in our models. In agreement with previous studies, we observed a significant decreasing of IGF-I mRNA in mice lacking IR compared with the other two groups of mice (P Ͻ 0.01; Fig. 1C ).
Since a profound inflammatory component has been demonstrated in the liver of IR Ϫ/Ϫ mice (28), we also investigated the difference in the inflammation state in our mouse models by characterizing the activation of specific immune cells implicated in this mechanism. First, we found increased levels of nuclear factor-/light-chain enhancer of activated B cells and NF-B protein expression in IR Ϫ/Ϫ compared with IR ϩ/ϩ and IR ϩ/Ϫ (P Ͻ 0.01 and P Ͻ 0.001; Fig. 2A ), which is an important transcription factor linking inflammation to metabolic diseases such as T2D (19, 38) . Then we showed a higher activation of macrophages and B cells, a typical mediator of inflammation, in IR Ϫ/Ϫ compared with other genotypes of mice by measuring surface markers CD19 (Fig. 2 , C and F) and F4/80 (Fig. 2 , D and G) (P Ͻ 0.05 and P Ͻ 0.005, respectively) by quantitative RT-PCR and immunostaining analysis.
Hyperinsulinemia in IR Ϫ/Ϫ mice did not involve insulin clearance. To further provide a biochemical characterization of the mice employed in this study, we evaluated serum levels of insulin and C-peptide (Fig. 3, A and B) . We observed that, in accord with previous results from Accili et al. (1) , IR Ϫ/Ϫ mice had ϳ20-fold higher levels of insulin compared with IR ϩ/ϩ and IR ϩ/Ϫ mice (P Ͻ 0.01). Similarly, IR Ϫ/Ϫ mice showed ϳ10-fold higher levels of C-peptide compared with IR ϩ/ϩ and IR ϩ/Ϫ mice. We also estimated insulin clearance amount, which was calculated by the ratio of the serum levels of C-peptide and insulin (28) . Nevertheless, IR Ϫ/Ϫ mice were hyperinsulinemic, with a nonsignificant reduction of insulin clearance (Fig. 3C) , suggesting that the absence of IR lead to a lower muscle glucose uptake, hyperglycemia, and subsequently increased levels of insulin secretion.
Livers , respectively (Fig. 4, A-C To further investigate proteome characterization, we also performed a peptide-centric shotgun analysis by loading tryptic peptides of hepatic protein lysate on nLC-MS/MS. A total of 127 proteins were identified between different mouse genotypes. Among them, 24 proteins were significantly modulated, considering the three comparisons described previously ( The preponderance of the identified protein spots belonging to eight different functional patterns based on their gene ontology annotations explains their molecular function. These proteins can be involved in specific biological processes and/or belong to structural cellular components: 1) lipid metabolism (RBP2, APOA1, FABP5, ACOX1, HMCS2, vimentin, regucalcin); 2) oxidative stress (GSTM1, PRDX1, GSTA3, PARK7, ATPB); 3) protein synthesis and degradation (IF5A1, EIF1A1, PSMA5, SIN3A); 4) chaperone and endoplasmic reticulum (ER) stress (HSP7C, PDIA3, PDIA1, GRP78, PPIA, calmodulin); 5) cellular amino acid biosynthetic process (NDKA, NDKB, ASSY, ARGI1, CPSM, BHTM1, FAA); 6) glucose metabolism (LDHA, ALDOB, ENOB, G3P, F16P1, 6PGL, ACON); 7) blood circulation (HBE, HBA, HBB, TRFE, FETA, ALB); 8) cellular component and morphogenesis (TBA1B). In Fig. 5 the impact of each protein category overall is reported; in particular, we analyzed the up-and downregulated proteins for each different IR genotype. In the IR Ϫ/Ϫ phenotype we observed upregulation of proteins involved in lipid and glucose metabolism, oxidative stress and protein synthesis, and degradation, whereas none of the proteins belonging to the amino acid biosynthetic process, blood circulation, chaperone and ER stress, cellular component, or morphogenesis were expressed.
Novel pathway is linking diabetes mellitus with liver steatosis. Identified proteins by proteomic studies were used to interrogate IPA software to explore possible biological interactions among them. An IPA database search returned three main ranked networks. As expected, we observed that the most (Fig. 6 ). Among this analysis, the most interesting association was found between IR, HMGB1/2, and Huntingtin (HTT). The two orthogonal proteomic analyses of IR Ϫ/Ϫ mouse liver tissue, in agreement with evidence of the hepatic steatosis occurrence in these animals (21) , suggested a central role of lipid metabolism (data not shown) and oxidative stress (data not shown) in this process.
Differential expression of HMGBs and HTT in liver from IR
Ϫ/Ϫ mice. Since HMGBs and HTT had a central role in our protein network generated by pathway analysis, we further explored their expressions in mouse liver by immunoblotting and immunohistochemical analyses. Western blot (WB) of HMGB1 showed a 1.5-fold increase in levels of IR Ϫ/Ϫ vs. either IR ϩ/ϩ or IR ϩ/Ϫ mice (P Ͻ 0.01; Fig. 7A ). Likewise, HMGB2 was upregulated in IR Ϫ/Ϫ and IR ϩ/Ϫ vs. IR ϩ/ϩ mice (Fig. 7B) . A higher presence of HMGB proteins in IR Ϫ/Ϫ mice further supports the hypothesis of their role as a modulator of the inflammatory response during the development of multifactorial diseases such as diabetes (29) . Interestingly, we found that HTT was expressed twofold lower in IR Ϫ/Ϫ vs. IR ϩ/ϩ mice (P Ͻ 0.05) and 1.5-fold lower in IR Ϫ/Ϫ vs. IR ϩ/Ϫ mice (P Ͻ 0.01) (Fig. 7C) . Lower levels of HTT in IR Ϫ/Ϫ mice suggest its role in regulating glucose homeostasis and liver disease, as reported by a recent in vivo study (3) . Immunohistochemical analysis confirms results from WB for HMGB1 and HTT proteins (Fig. 8, A and B) . To further validate results from WB for HMGBs and HTT proteins, we also performed the same analysis for other proteins identified by proteomic analysis. The results of WB were in agreement with data from proteomic analysis for paired amphipathic helix protein sin3a (SIN3A), proteasome macropain subunit-␣ type 5 (PSMA5), and protein disulfide isomerase family A member 3 (PDIA3) (Fig. 7, D-F) . Since another important site of insulin resistance relevant for the development of T2D and its complications is the skeletal muscle, we aimed to confirm present results in this organ. After WB analysis of specific proteins that we found modulated in the liver of IR ϩ/ϩ , IR ϩ/Ϫ , and IR Ϫ/Ϫ mice, we observed that expression levels of HTT, HMGB1, HMGB2, and PSMA5 had similar trends of expression in liver and muscle, whereas PDIA3 and SIN3A presented pattern variations, suggesting a tissue modulation response that deserves further investigation (data not shown).
Higher levels of HMGB1 in IR Ϫ/Ϫ mouse serum. Since HMGB1 is the only protein among those found in the principal network that is secreted in the serum (25), we evaluated its level in sera across each animal genotype by using ELISA. We detected that sera HMGB1 was increased 1.4-fold in IR Ϫ/Ϫ vs. IR ϩ/ϩ (P Ͻ 0.05) and 2.6-fold vs. IR ϩ/Ϫ (P Ͻ 0.05) (Fig. 9) .
DISCUSSION
Hepatic insulin actions are regulated principally at transcriptional levels by blocking gluconeogenesis and activating lipogenesis (26) . Liver insulin receptor-knockout mice showed fasting and postprandial hyperglycemia associated with hyperinsulinemia and hepatic and skeletal muscle insulin resistance (5). These findings suggest that hepatic insulin resistance could be the first step in the development of peripheral insulin resistance. In the present study, we used IR ϩ/Ϫ and IR
Ϫ/Ϫ
mice to analyze liver dysfunction and protein expressions in either conditions of diabetic ketoacidosis or higher levels of insulin resistance. We first detected microvescicular and macrovescicular steatosis in both IR ϩ/Ϫ and IR Ϫ/Ϫ mice, and by using two different proteomic approaches we identified altered protein expression profiles in IR ϩ/Ϫ and IR Ϫ/Ϫ mice compared with littermate WT. These proteins belong mainly to the classical biological patterns linked to organ injury such as oxidative stress, lipid metabolism, and glucose homeostasis. We further confirmed these associations by ontological network analysis, where we found a central role for HTT protein in animals lacking IR. An interesting role in this network was also found for HMGB1 and -2 (Fig.  6 ). An increase in HMGB1 and a significant decrease in HTT protein expressions were found in liver and sera sample from IR ϩ/Ϫ and IR Ϫ/Ϫ mice compared with WT, further suggesting their involvement in metabolic liver disorders.
Several models of genetically modified animals have previously been employed to investigate mechanisms underlying liver disease in association with diabetes and insulin resistance. However, to the best of our knowledge, we are the first to show in IR ϩ/Ϫ and IR Ϫ/Ϫ mice a liver structural alteration linked with metabolic disorder by a specific lipid quantification. Impairment in these regulatory mechanisms in the liver could explain at least in part the anomalous hepatic accumulation of lipids, as reported previously (40) . The present data are mainly confirmatory of the evidence that insulin resistance is an important and early factor in the pathogenesis of dyslipidemia and steatosis in subjects prone to developing metabolic syndrome and T2D. Furthermore, we identified novel proteins implicated in the association between insulin resistance and liver disease using two different orthogonal proteomic strategies. Proteomic investigations revealed different functional classes of proteins, with different expressions between IR Ϫ/Ϫ , IR ϩ/Ϫ , and IR ϩ/ϩ mice (Fig. 5) . These proteins belong mainly to the classical patterns implicated in the liver disease, such as lipid and glucose metabolism and oxidative stress. IR Ϫ/Ϫ mice showed a considerably elevated number of upregulated proteins belonging to the classes of protein synthesis and degradation and oxidative stress pathways. In particular among those proteins, 30% were involved in the oxidative stress pathways. It is worth highlighting that several of the identified peptides (ATP synthase, calmodulin, albumin NADPH-flavin reductase, hemoglobin subunits, and peroxiredoxins) have already been associated with metabolic diseases and with different forms of diabetes, such as T1D (15) . These data confirm that maintaining a stable redox state, which underlies the oxidative stress damage, is pivotal to counteract metabolic alterations and, Fig. 6 . Ingenuity pathway analysis. Protein-networking analysis of differentially expressed molecules in 3 mice models was obtained by Ingenuity pathway analysis. Selected network has a higher score. biliverdin reductase B (BLVRB), ATP synthase, Hϩ transporting, mitochondrial F1 complex, ␤-polypeptide (ATP5B), heat shock protein (Hsp70), enolase 3 (ENO3), and proteasome subunit-␣ type (PSMA5) are proteins referred to in Tables 1 and 2 therefore, prevent metabolic diseases and their micro-and macrovascular complications (13, 14) .
To further increase the significance of the present study, we performed bioinformatics analysis to explore biological interactions between the different expressed proteins. We showed a central role of HTT protein in the network with a higher score associated with glucose homeostasis (Fig. 7) . The HTT protein is required for human development and healthy brain function (33) . HTT is found in many of the body's tissues; however, the complete understandings of its function have to be clearly established. It is subject to posttranslational modification, and some events, such as phosphorylation, can play an enormous role in regulating HTT function. Mainly, it has been involved in cellular signaling, transporting materials, binding proteins, and apoptosis. Mutation in the IT-15 gene, which expands abnormally the number of CAG nucleotide repeats, results in a mutated HTT, which contains expansions of glutamines (polyQ) that make it prone to aggregate, leading to a neurological disorder called Huntington's disease (HD) (39) . The results of this study are in line with a new field of research linking T2D, insulin resistance, and related liver diseases with cognitive impairment and neurodegeneration (12) . Insulin re- sistance can be a pathogenic factor in HD since it represents a metabolic stressor that may induce neurodegeneration (34) . It has been shown that HD patients, despite having a low body mass index, tend to develop insulin resistance and increased risk for T2D (25) . However, human studies have explored the association between HD and metabolic disorders, including T2D, with controversial results (24) . Recently, increasing PolyQ length repeats has been shown to decrease insulin secretion and glucose responsiveness, but only in the early stages of HD onset (4). A strong link between HTT and insulin resistance has been proposed by a study demonstrating that pancreatic islets from HD transgenic mice express reduced levels of insulin, somatostatin, and glucagon and exhibit intrinsic defects in insulin production, suggesting a role of HTT protein in all these processes (6) . It is also known that T2D is common in other triplet repeat disorders, including Friedreich's ataxia and myotonic dystrophy (16) . In both of these diseases, the diabetic phenotype is associated with hyperinsulinemia and insulin resistance. Since the function of HTT is not well understood, we know only that when mutated the protein induced insulin resistance by affecting pathways involving the expression of key regulators of insulin gene transcription, including the pancreatic homeoprotein PDX-1, E2A proteins, and the coactivators CREB-binding protein and p300 (2) . However, to the best of our knowledge, we are the first to report that the nonmutated form of HTT is involved in pathways regulating glucose homeostasis, further supporting its role in metabolic control mechanisms.
Moreover, results from immunoblotting and immunohistochemical analyses, showing a significant decrease of HTT in IR Ϫ/Ϫ compared with IR ϩ/Ϫ and IR ϩ/ϩ mice liver, further corroborate the HTT involvement in metabolic/liver disease. We may speculate that HTT, when mutated or dysfunctional, is implicated in mechanisms leading to insulin resistance and dyslipidemia, such as in HD patients (37) . In a similar fashion, lower levels of HTT (lower activity) may be associated with impairment of glucose homeostasis and higher predisposition of liver disease in diabetic patients. Additional studies are imperative to fully understand this hypothesis.
On the contrary, we found higher levels of HMGB1 in IR Ϫ/Ϫ mice in the cytoplasm of hepatocytes than in blood sera. HMGB1 and HMGB2, along with HTT, were present in the glucose homeostasis pathway that resulted from networking analysis. This finding is not extremely surprising since HMGB1 and -2, as damage-associated molecular pattern molecules, are late mediators of noninfectious systemic inflammation. Recently, a study conducted in humans demonstrated that the intracellular distribution of HMGB1 is modified in a state of insulin resistance and that HMGB1 is a stimulatory factor of ␤-pancreatic cell insulin secretion, supporting a role for inflammation regulators in glucose homeostasis (17) . Moreover, a strong association between HMGB1 and liver disease has been reported previously (7), even if the role of HMGB1 in the association between metabolic distress and liver disease is not fully understood. Strengths of this study include 1) the use of well-characterized animal models, comparing WT, knockout, and heterozygote mice; 2) the employment of two different proteomic techniques and validation of the results by immunoblotting analysis; and 3) the utilization of sophisticated bioinformatics programs to perform functional and networking analysis. Limitations to acknowledge for this study are associated mainly with the noncontrollable bias typical of the techniques used, for instance, the lack of evaluation of compensatory mechanisms characteristic of knockout mice, which may reflect different protein patterns after proteomic analysis. Another important limitation to acknowledge for this study is the absence of the mechanistic data, which is a typical charateristic of proteomics studies, and that reduces, at least in part, the strength of the hypothesis. However, IPA allows a better speculation of the results that must be supported by further experiments.
In conclusion, in the present study, we confirmed that defects of liver insulin action are linked strictly to the development of liver disease. In addition, we found novel molecules and pathways associated with impairment in glucose homeostasis, such as HTT protein and HMGB1. Altered levels of these proteins were also found in the liver and blood in a state of insulin resistance and diabetes mellitus (DM). Further studies are imperative to fully understand the mechanisms beyond their role/link in DM and liver diseases and their possible application as biomarkers to predict the risk for DM and its complications in patients.
